Plasma volume expansion has been associated with fetal growth. Our objective was to examine the associations between maternal nutritional status in early pregnancy and extracellular water (ECW), total body water (TBW), and percentage plasma volume change across pregnancy. In a subsample of 377 pregnant women participating in a cluster-randomized trial of micronutrient supplementation, hemoglobin, hematocrit, and multi-frequency bioelectrical impedance were measured at ;10, 20, and 32 wk of gestation. In early pregnancy, women were short (mean 6 SD, 148.9 6 5.3 cm) and thin (19.5 6 2.5 kg/m 2 ). In mixed-effects multiple regression models, a 1-unit higher BMI at ;10 wk was associated with 
Introduction
Pregnancy is a time of substantial physiologic changes to support the growing placenta and fetus. Plasma volume, extracellular water (ECW) 5 , and total body water (TBW) all increase during the pregnancy as part of this process (1,2) with plasma volume expansion serving to improve uteroplacental blood flow for nutrient transfer to the fetus (3) . Plasma volume is a component of both ECW and TBW; thus, as plasma volume expands, ECW and TBW typically correspondingly increase and allow inferences to be drawn related to plasma volume (1, 4, 5) . Invasive tracer methods are best for measuring plasma volume and body water (6-10) but are not feasible for larger studies in rural settings. Multi-frequency bioelectrical impedance analysis (BIA) is a noninvasive technique that is portable, allowing home-based assessments. In high-income countries, BIA has been validated to measure TBW and ECW (11) and has been used to document body water increases from early pregnancy to delivery (2, (12) (13) (14) . Additionally, we recently validated the use of BIA for the determination of TBW in women of reproductive age in rural Bangladesh (15) .
Plasma volume, ECW, and TBW have all been positively associated with birth weight (16) (17) (18) (19) (20) . In Chile, studies found 10-17% lower plasma volume at early pregnancy and near-term as well as 52% lower plasma volume expansion in mothers with fetal growth restriction compared with those without growth restriction (21) (22) (23) . Second trimester TBW and ECW (2) and TBW in late gestation (16) (17) (18) 24) have similarly been positively associated with fetal growth.
Poor prepregnancy nutritional status has long been known to adversely influence birth weight (25) , but patterns of plasma volume, ECW, and TBW change during gestation, in relation to maternal undernutrition at the outset of pregnancy, have not been well studied. In a small study, the late pregnancy plasma volume was 15% lower in underweight than in normal-weight Chilean women, but this may have been explained by lower parity, which is also associated with plasma volume and was more common in underweight women compared with controls (3). Hytten and Paintin (4) found smaller women had lower nonpregnant plasma volumes, but absolute gains were similar for all women. Studies of body water in the US have found 6-10% lower TBW in low-BMI (#19.8 kg/m 2 ) compared with normal-BMI (19.8-26 .0 kg/m 2 ) women during pregnancy, but absolute TBW gains did not differ between these groups (16, 26) .
In a rural setting in Bangladesh, where maternal malnutrition and low birth weight are common (27, 28) , we examined the independent associations of early pregnancy maternal nutritional status with maternal body water patterns. Specifically, nutritional status was characterized using early pregnancy height, BMI, and weight gain, with TBW, ECW, and their changes during pregnancy, as well as percentage change in plasma volume, as outcomes of interest. The eventual goal is to understand whether such fluid patterns may be related to the high prevalence of low birth weight in this region of the world.
Participants and Methods
This study involved a subsample of pregnant women (n = 500) participating in a double-masked, cluster-randomized controlled trial (n = 45,000) to reduce infant mortality by providing daily a 15 vitamin and mineral supplement compared with iron and folic acid (standard of care). The supplement being tested is similar to the formulation recommended by UNICEF and WHO (29) but is designed to meet the current RDA set by the Institute of Medicine. This trial is being conducted in an ;435 km 2 area of rural northwestern Bangladesh where the study area was divided into 596 sectors of comparable size that were used as units of randomization. Prior to enrollment, nonpregnant women in the study area were visited every 5 wk by a study worker and offered a urine-based pregnancy test if they were amenorrheic for 30 d. Women testing positive were enrolled into the trial. Local field workers tracked participants weekly for follow-up and dosing with micronutrient supplements from enrollment to 3 mo postpartum.
A substudy was conducted to assess the changes in vitamin and mineral status due to supplementation and to conduct a more enhanced assessment of women during pregnancy. The substudy area was selected to be representative of the parent trial across a range of factors, including sociodemographic and geographic variations, which were evaluated during an earlier trial in the same area (30) . The substudy area included 64 sectors (;10% of total study area) that were balanced by supplement allocation. Approximately one-half of the substudy area (31 sectors) was selected for an intensive cord blood and placenta investigation, with the sample size based on the number of cord blood samples required to detect differences in micronutrient status between supplementation groups. From February 2009 to March 2010, newly pregnant women in the substudy area were asked for consent to the additional cord blood and placental measurements after consenting to the parent study. Gravida were identified and enrolled at a median of 9.6 (IQR = 7.7, 11.7) wk of gestation. Those .28 wk of gestation at the time of enrollment were admitted to the larger trial but were excluded from the current study.
Of the 510 pregnant women approached for consent, 10 declined and 500 were enrolled. Two women refused the mid-pregnancy visit after enrollment. Sixty-nine pregnancies ended in miscarriage or induced abortion and 6 in stillbirths (15% total pregnancy loss). At mid-and late pregnancy, 19 and 21 women were missed, respectively, typically due to extended travel away from their homes. Participants who delivered twins (n = 3) and those with a BMI .29 kg/m 2 (extreme outliers, n = 3) were excluded from analysis, leaving 377 women with live singleton births for this analysis.
Women were measured in their homes by technicians trained in anthropometry and phlebotomy; visits were scheduled just after enrollment (early pregnancy), at 20 wk (mid-pregnancy), and at 32 wk (late pregnancy). A single weight reading was taken to the nearest 0.1 kg using a digital scale provided by UNICEF (Seca Scales). At the first visit only, standing height was measured in triplicate to the nearest 0.1 cm by standard procedures (31) using a Harpenden pocket stadiometer (Cromwell) and the median was used for analysis. The early pregnancy height was used to calculate ECW and TBW at all 3 time points, assuming a negligible change in stature during pregnancy.
The QuadScan 4000 bioelectrical impedance analyzer (Bodystat) was used to measure full-body bioelectrical impedance (Z) at frequencies of 5, 50, 100, and 200 kHz at the 3 pregnancy visits. Each day before field use, the analyzers were tested at 5, 50, 100, and 200 kHz frequencies using standard resistors from the manufacturer at 500 ohms; Z values were within the acceptable limits of 496-503 ohms. During the home visits, women were guided to lie flat on their back on a nonconductive surface with arms extended at a 30-degree angle from the body and legs at a 60-degree angle from each other; shoes and jewelry were removed. Two electrodes were placed at a minimum distance of 3 cm from each other on the right wrist and hand and on the right ankle and foot. Z values were recorded directly from the analyzer. One irreconcilable error due to software malfunction was later found in the recorded data and set to missing for 1 participant at early pregnancy.
At ;10-and ;32-wk visits, venous blood (;7 mL) was collected from the left arm for hemoglobin (Hb) and hematocrit (Hct) measurements and for subsequent assessment of plasma micronutrients and other biochemical analytes. At the ;20-wk visit, blood was collected by fingerstick in the smaller substudy to assess Hb and Hct. Hb was measured on the spot with a HemoCue photometer (Hb-301, HemoCue). Hct was measured by packed cell volume after microcapillary tubes were centrifuged. Laboratory technicians read the tubes in duplicate on a chart-type Critocaps Micro-Hematocrit Capillary Tube Reader (8889-111004, McCormick Scientific) and the mean was used for analysis.
We calculated TBW using an equation developed with 2 H 2 O dilution using postpartum participants enrolled from the same study area (15) and ECW using an equation developed with bromide dilution as the gold standard in healthy volunteers in The Netherlands (11):
where weight is in kg, height is in cm, age is in y, and Z 50 and Z 5 are impedance at 50 and 5 kHz, respectively. According to the respective authors, the prediction equation for TBW explained 76% of the total variance in actual TBW, with a predicted residual sums of squares statistic determined by an internal validation approach of 1.35 kg and prediction residuals unrelated to the amount of TBW (15) , and the ECW prediction equation explained 86% of the total variance in ECW and overestimated ECW by 1.1 6 0.8 kg with a CV of 5% (11) . In the absence of an invasive, direct measure of plasma volume, we used the Strauss equation (32) for estimating the percent change in plasma volume:
where Hb is in g/dL, Hct is a percentage, and 1 denotes the earlier time and 2 the later time of measurement. Greenleaf et al. (33) found the Strauss equation acceptable for the estimation of percentage change in plasma volume when change in plasma osmolality was ,13 mosmol/kg (i.e., participant not dehydrated). Because it was developed for assessing plasma volume change across short time intervals in which repeated dilution methods were not possible, the accuracy based on gold standard methods is not available to the authors' knowledge. The Strauss equation has been used to assess short-term changes in plasma volume in studies of stress, fainting, and exercise (33-36) but has not previously been used in pregnancy. Due to the indirect estimation of percentage change in plasma volume, we were not able to assess actual plasma volume at the 3 visits. Shortly after enrollment into the trial (;10 wk), data on maternal education, age, previous pregnancy history, and numerous household socioeconomic factors were collected by trained interviewers. For socioeconomic status, we created a living standards scale by factor analysis to capture the common variance in 13 assets and dwelling characteristic and thus estimate "living standard" as a single latent variable. Included variables were based on a living standard index previously created for our first trial in this population (37) . At both ;10 and ;32 wk of gestation, women were visited by the same interviewers to ascertain maternal morbidities, strenuous work, diet, and tobacco and betel nut habits. Infant sex was recorded at birth.
Gestational age was determined by crown-rump length (SonoSite Titan, SonoSite) at ,15 wk by study ultrasound technicians (n = 326) or, when ultrasound was not possible, by date of last menstrual period (LMP; n = 51) reported by women every month as part of the pregnancy surveillance. No sex determination was done. In cases in which LMP differed from the ultrasound estimation by .4 wk, the ultrasound measurements (crown-rump length, biparietal diameter, or femur length) $15 wk were used for gestational age estimation (n = 9) or LMP was set to missing (n = 1). Gestational age at birth $44 wk (n = 6; LMP estimates) was considered biologically implausible and set to missing.
Statistical analyses. Nutritional status was grouped by categories of BMI (,18.5 or $18.5 kg/m 2 ) and height (,145 or $145 cm) to define underweight and short stature, respectively. The Kruskal-Wallis test was used to examine differences in ECW and TBW at each time point and ANOVA was used for changes in ECW and TBW plus percentage change in plasma volume, by nutritional status category. Next, early pregnancy height and BMI as continuous variables were used as independent predictors in mixed-effects linear regression models (to allow for random intercept by individual and random slope by gestational age) with repeated ECW and TBW values as dependent variables. Regression models were built by first modeling gestational age at each measurement as a continuous variable. A quadratic term was significant for TBW (and retained) but not for ECW. A random slope for gestational age was added (tested by log likelihood and SD of the residual) to allow women to differ in their overall rate of change for outcomes (38) . Because the exact gestational age at a visit can be different for each woman, an unstructured variance-covariance structure of the random effects was used. After modeling gestational age, BMI and height were added to the model, which improved the fit (P , 0.0001) by the likelihood ratio test. For changes in body water, we used linear regression models; we examined BMI and height, and BMI, height, and weight gain to midpregnancy as independent variables for changes to mid-pregnancy and changes to late-pregnancy as outcomes, respectively.
Potential confounders were infant sex, maternal age, parity, anemia status, education, strenuous work, chewing betel nut, chewing tobacco, and the living standard scale, but none acted statistically as a confounder by changing adjusted coefficients by .10%. Also, participants were enrolled in a randomized micronutrient trial and received daily supplementation, so treatment effect (still blinded due to the ongoing trial) was tested as a confounder. It showed no association with outcomes, nor did it change associations of interest in extended models and was excluded from the final model. Thus, based on evidence from published studies, we forced the following confounders into all final models: woman's age (y), woman's education (y), parity (0 vs. $1), infant sex, and the living standard scale.
Interactions for infant sex and parity with maternal BMI and height were tested and were not significant (P . 0.05). Because weight and height are included in prediction equations for ECW and TBW and we were interested in the association of BMI and height with these outcomes, we repeated regression models with impedance alone and height 2 /impedance (each at 5 or 50 kHz) as outcomes. Analysis was conducted using STATA version 11.1 (StataCorp) and associations were considered significant at P , 0.05. Results in the text are mean 6 SD.
The Institutional Review Board at the Johns Hopkins School of Public Health, Baltimore, MD and the Bangladesh Medical Research Council, Dhaka, Bangladesh granted ethical approval for this study and the parent trial in which it is nested.
Results
Characteristics did not differ between those included and excluded among those with live births (assuming women with pregnancy loss would be different), except fewer excluded women had paid employment (data not shown). Women were young (22.8 6 5.2 y), with over one-half in their 20s and over one-third delivering their first child ( Table 1) (,145 cm) , or underweight (,18.5 kg/m 2 ). In this rural setting, less than one-fifth of households had electricity. Women delivered at 39.2 6 1.7 wk of gestation and 54.6% of infants were male.
Maternal weight, ECW, and TBW increased from 10 to 20 and 20 to 32 wk, with greater late compared with early pregnancy increases for weight and TBW ( Table 2) . TBW as a percentage of body weight was 55.1 6 3.6% at 10 wk and decreased by ;1% (P , 0.001) between each visit. ECW and TBW increased by ;1 kg, or 4.0-4.5% (P , 0.001), between each visit; however, the plasma volume increased much more from early to midpregnancy (P , 0.001) and then decreased from mid-to late pregnancy (P , 0.001). We observed characteristic decreases in Hb and Hct from early to mid-pregnancy and then small increases from mid-to late pregnancy (all P , 0.001). In early pregnancy, BMI was positively correlated with ECW (r = 0.61; P , 0.001) and TBW (r = 0.65; P , 0.001) and height was also correlated with ECW and TBW (r = 0.59 and r = 0.57, respectively; P , 0.001).
In unadjusted analysis, women who were both short (,145 cm) and underweight (,18.5 kg/m 2 ) had the lowest ECW and TBW throughout pregnancy, whereas those who were either short or underweight had comparable intermediary values compared with those with no evidence of malnutrition (Fig. 1) . ECW was 7.0-9.0% lower and TBW was 7.6-9.8% lower for underweight compared with not-underweight women at each visit. Similarly, ECW and TBW were each ;10% lower for short compared with normal-height women across pregnancy (data not shown).
Differences in ECW and TBW gains were observed between nutritional status groups from 10-20 wk but not 20-32 wk of gestation (data not shown), but the gains did not follow a pattern across all groups. For both ECW and TBW, underweight women of normal height had a greater weight gain compared to normal-weight women who had short stature in early pregnancy. Also, among women with normal height, underweight women had a higher TBW gain than women of normal weight. No differences were observed in percentage change in plasma volume by nutritional status category.
In adjusted mixed-effects linear regression models, a higher BMI at ;10 wk was associated with a greater increment in ECW and TBW at all 3 visits ( Table 3) . Maternal height was also positively associated with ECW and TBW, independently of BMI. We then examined the relationship between initial nutritional status and body water changes. In adjusted linear regression models, early pregnancy BMI was negatively associated with ECW and TBW gain from 10 to 20 wk but not from 20 to 32 wk of gestation (Table 3) , similar to the unadjusted findings based on nutritional status categories. A higher weight gain from 10 to 20 wk was associated with lower ECW and TBW changes from 20 to 32 wk of gestation. Finally, early pregnancy BMI, but neither height nor weight gain, was positively associated with plasma volume expansion from 20 to 32 wk, adjusted for confounders. When using impedance or height 2 /impedance alone (at 5 or 50 kHz) as the outcomes in place of ECW or TBW, respectively, the inference of associations did not change except that height was not associated with impedance alone in mixed-effects models (data not shown).
Discussion
This prospective, longitudinal study examined the associations between early pregnancy maternal nutritional status and changes in ECW, TBW, and plasma volume during pregnancy. Uniquely, this study was conducted in rural Bangladesh where ;25-30% of women exhibit wasting malnutrition (mid-upper arm circumference ,22 cm) and over one-half of babies are born low birth weight (27, 28) , an area with a great public health need for understanding the connections between maternal nutritional status and fetal growth. Early pregnancy BMI and height, as proxies for prepregnancy measures, were positively associated with ECW and TBW during pregnancy (at ;10, 20, and 32 wk of gestation). Early pregnancy BMI, but not height, was negatively associated with ECW and TBW gains from 10 to 20 wk. BMI was positively associated with estimated percentage change in plasma volume from 20 to 32 wk, but maternal height and weight gain during pregnancy were not.
In this study, we were most interested in the plasma volume expansion of pregnancy due to its importance in nutrient transfer and association with fetal growth restriction (21, 22, 39) . We were also interested in patterns of change, because plasma volume expansion is not constant during pregnancy, and therefore estimated changes across early and late gestational periods rather than examining 10-to 32-wk changes. Because we estimated plasma volume change with an equation in lieu of direct measurement, we also estimated ECW and TBW with BIA as gross proxies of plasma volume. In adult nonpregnant women, TBW is ;50-55% of body weight, ECW volume is ;40-45% of TBW, and plasma volume is ;20% of ECW (8) (9) (10) 40) . Thus, it is possible that plasma volume changes can be inferred by capturing ECW and TBW and other authors have also considered BIA-based measures as proxies for plasma volume measurement (17, 18) . Importantly, though, body water is representative of Values are mean 6 SD or median (IQR), n = 377, except values were missing for gestational age (n = 7), ECW and TBW at 10 wk (n = 1), plasma volume D10-20 wk (n = 12), plasma volume D20-32 wk (n = 16), Hb at 20 wk (n = 5) and 32 wk (n = 3), Hct at 10 wk (n = 4), 20 wk (n = 5), and 32 wk (n = 9). *Different from earlier visit or change (t test), P , 0.01; y different from 0 (t test), P , 0.01. ECW, extracellular water; Hb, hemoglobin; Hct, hematocrit; TBW, total body water. 2 Change from 10 to 32 wk. body composition. Increases in ECW and TBW are partially due to increases in maternal lean tissue and the products of conception, in addition to plasma volume expansion (8) , with the products of conception contributing 47% of TBW gain from ;14 to 37 wk (18). In 2 unique studies examining both plasma volume and TBW longitudinally in human pregnancies, the mean increase in plasma volume was 9-10% of the mean increase in TBW (41, 42) .
Low plasma volume, ECW, and TBW during pregnancy have all been associated with fetal growth restriction (2, 19, 21, 22, 43) , directing research toward risk factors for low plasma volume and body water. Over 40 y ago, Hytten and Paintin (4) found that nonpregnant plasma volume was positively related to the weight and height of the mother but that the total increase in plasma volume during pregnancy was similar among all women. A small study in Chile showed that plasma volume at 35-37 wk of gestation was 15% lower in underweight compared with normal-weight women, but changes in plasma volume were not assessed (3). Butte et al. (16, 26) found that TBW in each trimester was 6-12% lower in women with low BMI (,19.8 kg/m 2 ) than in normal BMI (19.8-26 .0 kg/m 2 ) and along with another U.S. study found that TBW gain did not differ by prepregnancy BMI status.
In this study, similar to studies of body water and plasma volume, body water was 7-10% lower in each trimester for underweight compared with not-underweight women (in unadjusted comparisons), and in adjusted analysis, lower BMI and height were independently associated with lower ECW and TBW in each trimester of pregnancy. Unlike other studies, we also found differences in gains of body water and plasma volume by early pregnancy BMI. Gains in ECW and TBW from 10 to 20 wk were negatively associated with BMI, i.e., women with a higher BMI had significantly lower increases in these body water compartments. The association with BMI was positive for plasma volume; women with a higher BMI had a higher expansion of plasma volume from 20 to 32 wk. We expect that the differences in our findings from other studies may be partially due to the poorer nutritional status in our population in addition to differences in measurement methods.
Although plasma volume and body water sometimes yield similar associations with maternal nutritional status or fetal growth, they have not been well studied jointly nor across maternal populations with differing nutritional status. As described, we expected body water to serve as a proxy for plasma volume and yield similar associations with early pregnancy 2 Outcomes at 3 visits (;10, ;20, and ;32 wk) regressed on maternal anthropometry at ;10 wk (fixed effect) with intercept for each participant (random effect) and random slope by gestational age with unstructured variance-covariance structure; adjusted for age (y), parity (0 vs. $1), infant sex, maternal education (y), living standard scale, and gestational age at assessment (wk). 3 Change between visits regressed on maternal anthropometry at ;10 wk with linear regression; adjusted for those in 2 plus days between measurements instead of gestational age. Nutritional status and body water in pregnancy 1113 nutritional status; however, this was not the case. Perhaps ECW and TBW are more representative of maternal weight gain, including that of the conceptus, rather than change in plasma volume, because it is well established that women with lower prepregnancy BMI gain more than women starting with a higher BMI. However, using the Strauss equation, we were able to establish that low early pregnancy BMI (although not height) is associated with reduced plasma volume expansion in this malnourished population, a pathway leading to fetal growth restriction (44) . Because we found that BMI was negatively associated with early changes in ECW and TBW yet positively associated with later percentage change in plasma volume, our results may imply that women with a lower BMI gain more body water by gaining more weight while still experiencing lower expansion of plasma volume, possibly due to beginning the pregnancy undernourished. Studies using gold standard measurements for ECW and plasma volume will be useful to investigate the distinction between changes in these water compartments in malnourished populations, especially as the public health goal is to optimize plasma volume expansion to support appropriate fetal growth. Our TBW equation was validated by 2 H 2 O dilution, with a predicted residual sums of squares statistic that compares favorably to that observed by Sun et al. (45) in a large study in an American population. Using the BIA-based body water prediction equations could be considered problematic, because height and weight are components of the prediction of TBW and ECW. However, in a sensitivity analysis, we found consistent strengths of association with BMI and weight gain when impedance alone was used as a proxy for TBW and ECW, suggesting that bioelectrical properties rather than height and weight were driving the associations. We did not find an association between height and impedance alone, but because impedance is inversely related to the distance the current travels, height is a necessary component of expression for its interpretation. Just as the inclusion of height-squared in calculating BMI renders the association of body mass independent of height, its use with impedance does not drive the association with height. So height being associated with height 2 /Z (i.e., without weight in the equation) supports our positive finding of the height and body water association using the respective prediction equations.
A limitation of this study was the absence of a validated measure of plasma volume in pregnant women, especially because this is our main outcome of interest. However, using the Strauss equation is a reasonable approach, as discussed by Greenleaf et al. (33) , because it includes Hb to account for possible changes in mean corpuscular volume that would affect plasma volume change estimation using Hct alone. Ideally, equations will be developed and validated during pregnancy for ECW and plasma volume in a similar setting of undernourishment, because gold standard methods are costly, invasive, and impractical in large field studies.
In addition to using estimates of body water and plasma volume, another limitation of this study is the absence of plasma volume changes starting from conception. Although maternal weight and TBW may not change for most in the first trimester (46) , the expansion of plasma volume can occur and be detected as early as 6-10 wk gestation (39, 47) and it may have already expanded by~14% at 12 wk (7). So our ;10-wk pregnancy estimates of BMI and TBW may be similar to preconception values, but we may not be capturing the earliest changes in plasma volume. Plasma volume plateaus at around 30-34 wk (21); thus, we did capture the majority of body water increases from plasma volume by taking the last measurement at 32 wk.
There is a public health need for examining how maternal nutritional status is connected to fetal growth, especially in regions of the world where maternal malnutrition and fetal growth restriction are common. Both plasma volume and body water have been linked to fetal growth restriction, but little is known about how a woman's initial nutritional status influences plasma volume and body water across pregnancy. In this study, early pregnancy BMI and height were both positively associated with ECW and TBW at individual time points, and BMI was negatively associated with the change in body water in the first half of pregnancy. BMI was also positively associated with plasma volume expansion in the second half of pregnancy. Thus, in an undernourished population, women tend to follow a positive trajectory of body water increases based on initial BMI and height, whereas a lower BMI predicts higher body water gains and lower plasma volume expansion. Investigations of risk factors for poor plasma volume and methods for new, less invasive estimates of plasma volume in pregnancy are needed.
